The reaction kinetics for the acid nitrosation of formamidine disulfide (FDS) show an autocatalytic behavior that arises from the fact that the thiocyanate ion formed as a product acts as a powerful catalyst for the nitrosation reaction. In the presence of added nucleophiles the suppression of the autocatalytic route results from competition for the nitrous acid between the added halides and the thiocyanate anion, which is formed as a reaction product. Analysis of the kinetic data enabled extraction of the bimolecular rate constants, Kinetic results are consistent with the attack on the nitrosating agent as the rate limiting step, i.e., the nitrosation of FDS behaves in a similar manner to the nitrosation of an amine. Rather different behavior is found for other substrates with an imino moiety adjacent to an amino nitrogen, such as the guanidines, which react by a mechanism in which the rate limiting step is the reorganization of the nitrosated substrate.
Introduction
Nitrosation reactions have important industrial, 1 environmental 2 and physiological 3 relevance and are involved in the production of highly carcinogenic compounds such as nitrosamines. 4 Increasing attention is being paid to the chemistry of nitrosamines owing to the toxicity 5 and carcinogenic, 6 mutagenic, 7 and teratogenic 8 properties of these compounds. In more recent times, since the discovery of the amazing biological properties of nitric oxide there has been a large interest in the chemistry of S-nitrosothiols, these can act as possible vasodilators, anti-platelet aggregation agents etc. 9 In this paper we report the kinetics for the nitrosation of formamidine disulfide (FDS). Formamidine disulfide is a dimeric species that is produced from the, rather complex, oxidation of thiourea. 10, 11 Formamidine disulfide also provides a convenient method to prepare monosubstituted guanidines, 12 and is also used as an active oxidant in gold leaching systems. 13 Formamidine disulfide also has an established role in biochemistry as a potent inhibitor of the enzyme amidinase transferase 14 and of D-amino acid oxidaze, 15 with the disulfide character being a requisite for the inhibitory action since the enzyme inhibition results from the sulfhydryl disulfide exchange, blocking the use of the enzyme SH function.
In the absence of added nucleophilic species, nitrous acid produces two nitrosating agents: the nitrosyl ion (NO + ) and dinitrogen trioxide (N 2 O 3 ). 16 NO + is formed by the protonation and subsequent dehydration of nitrous acid, while N 2 O 3 is formed under mildly acidic conditions (Scheme 1). The nitrosyl ion is highly reactive and in most cases the rates of reactions involving this species are diffusion controlled. 17 However, the observed rate constants are small and easily measured due to the low concentration of the nitrosyl ion in the acidic medium (K NO = 3 Â 10 À7 M
À1
). 16, 18 The exact nature of the NO + ion is still a matter of debate, especially at high acidity values where the form HNOO + H 9 also occurs. Nevertheless, this difference is rather unimportant in the present study since both proposed nitrosating agents would be kinetically equivalent.
A common feature of many nitrosation reactions is the ability of halide ions, the thiocyanate ion and other nucleophiles to act as catalysts in acidic solution. 19 This is due to the equilibrium displacement towards the nitrosating agent NOX, when compared with the equilibrium constant of NO + formation (K NOX = 1.1 Â 10 À3 , 5.1 Â 10 À2 and 30 M À2 for X = Cl, Br and SCN, respectively). [20] [21] [22] The rate constants for the nitroso group transfer from NOX follow the order NOCl 4 NOBr 4 NOSCN, [23] [24] [25] [26] [27] demonstrating that the catalytic effect is due to the thermodynamics of the formation of the nitrosating agent.
Scheme 1
In the latter years of the 19th century, Storch 28 showed that treatment of thiourea with nitrous acid led to the formation of a weak base (eqn (1) 
The stability of formamidine disulfide in aqueous solution has also been studied 34 
In the present work we focused our attention on reaction (2) in the knowledge that complex behavior should be expected. Nitrosation of FDS involves the formation of the thiocyanate ion, which reacts with HNO 2 to yield the nitrosating agent NOSCN. As a result, an autocatalytic reaction will be observed.
Experimental Materials
Formamidine disulfide dihydrochloride (FDSH 2 2+ 2Cl À ) was initially synthesized following Werner's method. 29 The results are perfectly compatible with those obtained using the formamidine disulfide dihydrochloride (97.0%) supplied by Aldrich. Stock solutions of FDSH 2 2+ 2Cl À were kept in excess perchloric acid to minimize decomposition, and fresh solutions were made up daily from the solid salt. All other chemicals were obtained from Aldrich and used without further purification. Cyanhydric acid (HCN) is formed in this reaction, special precautions must be taken when the reaction is carried out at higher concentrations of FDS.
Kinetic methods
Reaction rates were monitored spectrophotometrically at 370 nm, using a Cary 50 spectrophotometer at 25.0 1C. The ionic strength was kept constant (I = 1.00 M) by adding the appropriate amount of NaClO 4 . The reactions were performed by mixing in the quartz cell the appropriate amounts of FDSH 2 Cl 2 , HClO 4 , NaNO 2 , NaSCN or, alternatively, NaCl and NaBr solutions. NaNO 2 was always added at the end in order to trigger the reaction. Kinetic analysis of absorbance vs. time data was performed by fitting the experimental data to the appropriate equation using the commercial software package Grafit.
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Results and discussion
Reaction in the absence of added halide ions
Nitrosation of FDSH 2 2+ involves the formation of the thiocyanate ion, which reacts with HNO 2 to yield the nitrosating agent NOSCN. As a result, an autocatalytic reaction was observed. Further evidence concerning the autocatalytic reaction was obtained by studying the nitrosation reaction in the presence of a large concentration of SCN À (see below). In the experiments carried out at higher FDS concentration the presence of gas bubbles is observed, this is due to the formation of N 2 as reaction product The rate of the nitrosation process is given by the following equation, where FDS r represents the reactive form of FDS.
We must account for the following equilibria (Scheme 2): All experiments were carried out in the pH range 0-2, so we expect that the reactive form of FDS should be the monoprotonated (FDSH + ). According to this situation, eqn (4) should be rewritten as: 
Considering:
Integrating the former equation we obtain:
The reaction kinetics were studied at 370 nm by following the disappearance of HNO 2 . Considering A t , A N and A 0 as the measured absorbances at time t, at the end of the reaction and
Scheme 2
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at the beginning of reaction, respectively, we obtain the following expression:
where e 0 = 43.65 mol À1 dm 3 for cells with a 1 cm path length. The typical behavior of a kinetic run is shown in Fig. 1 and the z-shape of the absorbance vs. time plot is clearly observed. The solid line in the figure shows the good fit of the experimental data to eqn (10) and results are reported in Table 1 .
Since Table 5 ). The slope in Fig. 3 Table 5 ).
Influence of added SCN

À
The addition of the thiocyanate anion to the reaction medium leads to eqn (6) being rewritten as: Table 5 ) can be calculated. 
Influence of added Br
Integration of the latter equation leads to a single exponential decay.
When the autocatalytic contribution of the non-halidecatalyzed pathway is not depreciable, integration of (13) gives an expression formally equivalent to eqn (9) where , and NOBr, k NOBr = (9.4 AE 0.2) Â 10 6 M À1 s À1 (see Table 5 ) from the slope (Fig. 5) .
Experiments carried out at the lower chloride anion concentrations ([Cl À ] r 0.23 M) showed a z-shaped absorbance vs. time plot, which indicates an appreciable contribution from the autocatalytic pathway. The kinetic data for this set of experiments were fitted to eqn (15) and the resulting values for k 5 and 5/6k 2 are listed in Table 4 .
As predicted by the kinetic model, Fig. 6 ), we obtain an intercept,
, and a slope,
. From the intercept, and on using the previously obtained value of k NOSCN = (2.1 AE 0.1) Â 10 5 M À1 s
À1
, we can calculate k NO +, k NO + = (1.35 AE 0.02) Â 10 10 M À1 s À1 (see Table 5 ). From the slope we can obtain the bimolecular rate constant for formamidine disulfide nitrosation by NOCl, k NOCl = (4.2 AE 0.6) Â 10 7 M À1 s À1 (Table 5 ).
For higher chloride anion concentrations ([Cl
the kinetics are first order and the data could be fitted to a first exponential decay (Table 3 ). The intercept of the linear plot (Fig. 5) has a value of (3.9 AE 0.2) Â is similar to that obtained at lower chloride anion concentrations (see Table 5 ).
Reaction mechanism
The mechanism for the formation of N-nitroso compounds depends largely on the functionality of the nitrosating substrate. The mechanisms for the nitrosation of amides and ureas have been widely investigated [36] [37] [38] [39] [40] [41] and a large number of differences have been found between nitrosation of these compounds and amines. In the case of amines, the attack of the nitrosating agent on the free amine is rate determining, while for amides and ureas this first step is fast, the slow step being a proton transfer from an intermediate to the reaction medium. In the latter case the reaction seems to occur initially on the oxygen atom, and a fast internal rearrangement leads to the thermodynamically more stable N-nitrosoamide. Guanidines can be considered nitrogenated analogs of ureas. However, their peculiar structure makes them compounds of great basicity and, in this sense, they are more similar to amines than ureas. Mechanisms for guanidine nitrosation show parallels with that found for ureas. [42] [43] [44] Experimental results obtained in the nitrosation of formamidine disulfide, mainly the existence of halide catalysis, are compatible with the amine nitrosation mechanism, where the attack of the nitrosating agent is the rate limiting step. The values obtained for k NO +, despite the wide range of values, indicate that the rate of the nitrosation step is diffusion controlled. The broad range in the results arises from the fact that they are obtained from the intercept of a linear plot with a significant error associated. The rate values of catalyzed pathways follow the expected order SCN À { Br À o Cl À . This kinetic evidence and the formation of molecular nitrogen strongly suggest that the FDS behaves like an amine as far as nitrosation is concerned. The proposed mechanism is shown in Scheme 3. Attack of the effective nitrosating species on the monoprotonated formamidine disulfide is the rate-limiting step. The resulting Nnitrosoformamidine disulfide suffers deamination, in analogy with the process that occurs with primary amines. A second nitrosation/deamination process should take place at the amidine moiety of the amino(cyanodisulfanyl)methaniminium ion, leading to the formation of thiocyanogen (SCN) 2 . The formation of the thiocyanate ion, sulfuric acid and hydrogen cyanide arise from thiocyanogen hydrolysis according to the findings reported by Bjerrum and Kirschner. 45 The nitrosation bimolecular rate constants, Table 5 , show the expected behavior for the nitrosation of a poorly basic amine. As expected, it can be observed that reactivity decreases in the order NO + 4 NOCl 4 NOBr 4 NOSCN. This behavior is justified on the basis of the polarity of the X-NO bond. An increase in the electronegativity of X leads to an increase in the positive charge on the nitrogen atom, making the nitroso group a better electrophilic acceptor and therefore increasing the reactivity. 
